We explore the effect of a supermassive black hole (SMBH) on the density profile of a fuzzy dark matter (FDM) soliton core at the centre of a dark matter halo. We numerically solve the Schrödinger-Poisson equations, treating the black hole as a gravitational point mass, and demonstrate that this additional perturbing term has a 'squeezing' effect on the soliton density profile, decreasing the core radius and increasing the central density. In the limit of large black hole mass, the solution approaches one akin to the hydrogen atom, with radius inversely proportional to the black hole mass. By applying our analysis to two specific galaxies (M87 and the Milky Way) and pairing it with known observational limits on the amount of centrally concentrated dark matter, we obtain a constraint on the FDM particle mass, finding that the range 10 −22.2 eV m 10 −21.7 eV should be forbidden (taking into account additional factors concerning the life-time of the soliton in the vicinity of a black hole).
INTRODUCTION
The exact particle nature of dark matter (DM) remains one of physics and astronomy's biggest mysteries, and while the cold dark matter (CDM) model has had significant success in explaining large-scale structure of the universe, this widely popular model does face open challenges on scales on the order of galaxy size (Weinberg et al. 2015; Bullock & Boylan-Kolchin 2017) . Most notably there is the (1) 'cusp-core' problem (Moore 1994; Flores & Primack 1994) , where the density profile of CDM halos is expected to be cuspy (ρ ∼ r −1 ) from simulations instead of the observed core-like (ρ ∼ r 0 ) profile, as well as the (2) 'missing satellites' problem (Moore et al. 1999; Klypin et al. 1999) , whereby CDM predicts a larger number of high-luminosity satellite galaxies than is observed, and the related (3) 'too-big-to-fail' problem concerning the internal dynamics of bright satellites (Boylan-Kolchin et al. 2011) . Despite the prevailing attitude that CDM is the apex DM theory, the current lack of evidence for any CDM particle, such as the WIMP (or weakly interacting massive particle with m ≈ O(GeV)), is good cause to look to a promising alternative: DM as an ultralight scalar field with spin-0 (Hu et al. 2000; Goodman 2000) . Often called fuzzy dark kpc which gives rise to a quantum pressure that smooths cosmological small-scale structure and stabilises the centres of DM halos, while making the same large-scale predictions as CDM (e.g. Hu et al. 2000; Mocz et al. 2018 ).
FDM predicts a unique stable structure at the centre of DM halos -the soliton core -where the quantum pressure prevents collapse against self-gravity. The predicted existence of solitons can give us useful insight into the utility of the dark matter theory when compared with observational constraints. Solitons may largely dictate bulge dynamics of large galaxies, and even constitute almost all of the halo mass in smaller dwarf galaxies in the FDM model.
Most galaxies are also known to harbour a supermassive black hole (SMBH) of millions of solar masses at their centre that can dominate the central mass content of the galaxy (Ferrarese & Merritt 2000; Gebhardt et al. 2000) . Thus the impact of the SMBH on the density profile of the soliton merits study, and the exploration of this is the primary goal of our work. Scalar fields around black holes have been studied in a fully general relativistic context (Barranco et al. 2017; Avilez et al. 2018; Hui et al. 2019) , and seen to give rise to 'scalar wigs' surrounding the vicinity of 'no-hair' black holes. Here we are interested in the soliton profile far from the Schwarzschild radius and take a simplified approach in a regime where the SMBH can be treated as a point mass. Our theory is also applicable to other baryonic perturbing forces on the soliton. An understanding of the effect of SMBH on soliton cores is a vital ingredient in the study of DM density profiles at galactic cores. Central DM density profiles can be paired with known observational constraints of the central density to provide constraints on the FDM model itself. Furthermore the galactic core is an ideal location to search for signals of DM self-interaction or annihilation signatures (Boyarsky et al. 2014; Bulbul et al. 2014) , which depend on how the dark matter is centrally concentrated.
There has been significant effort in recent years to place various astrophysical constraints on the FDM particle mass (summarised in Figure 1 ). Constraints come from a variety of systems and scales (from the cosmic microwave background ( 10 Mpc) to the centres of galaxies (∼ 1 pc)). These include: (1) using stellar velocity dispersion to fit the Milky Way's dwarf spheroidal galaxies with a soliton core assuming the systems are dark-matter dominated (Marsh & Pop 2015; González-Morales et al. 2017; Broadhurst et al. 2019; Safarzadeh & Spergel 2019) , (2) fitting ultra-faint dwarfs with soliton-cored halo models (Safarzadeh & Spergel 2019) , (3) analysing the Lyman-α forest as a tracer of dark matter structure (Kobayashi et al. 2017; Iršič et al. 2017; Nori et al. 2018) , (4) placing constraints from CMB lensing (Hložek et al. 2018 ), (5) calculating dynamical heating on the Milky Way's stellar disc from FDM substructure including interference pattern fluctuations (Church et al. 2019) , (6) calculating the impact of FDM fluctuations on stellar streams that formed from disrupted globular clusters in the Milky Way (Amorisco & Loeb 2018) , (7) calculating the impact of soliton cores on galactic nuclei assuming they mimic SMBHs (Desjacques & Nusser 2019) , and (8) modeling of ultra-diffuse galaxies (Wasserman et al. 2019 ). There has also been a recent claim for the Milky Way that a central solitonic core of mass 10 9 M and particle mass m 10 −22 eV is observationally supported by the central motion of bulge stars (De Martino et al. 2018 ).
The FDM mass constraints generally fall into two camps that are in moderate tension. Dwarf spheroidal galaxies are typically well fit by large, low-density dark matter cores, such as the soliton cores predicted by FDM theory with a particle mass of m 10 −22 eV. But many other investigations favor m > few × 10 −22 eV. It is possible that the lack of consistency could be due to systematic biases from certain model-dependent assumptions that are used when testing the FDM model on different scales. For example, some of the mentioned works from the literature ignore interference pattern fluctuations of the FDM field, or the coupling of dark matter to baryons, or are limited by uncertainties in the phase-space distribution of collisionless tracers (stars) which will be greatly improved in the Gaia era of astrometry (Lazar & Bullock 2019) . We therefore take the view that it is important to obtain as many independent constraints as possible, over a range of physical scales, to verify existing constraints. In this work, we are able to place a new independent constraint on the FDM particle mass, that comes from small scale (< 10 pc) data, namely upper limits on the amount of dark matter concentrated around the SMBHs of the Milky Way and M87 (which recently had its black hole imaged; Collaboration et al. 2019 ).
Our paper is organised as follows. In section 2 we describe the necessary mathematical background of the FDM system with a point mass black hole perturber and solve for the ground state numerically. In section 3 we predict soliton core density profiles in halos with SMBHs, as a function of halo mass and FDM particle mass. Section 4 details our method of obtaining our own constraint for the FDM particle mass from the Milky Way and M87, and our concluding remarks are laid out in section 5.
SCHRÖDINGER-POISSON SYSTEM WITH POINT MASS PERTURBER
If DM is comprised of ultralight FDM particles, the occupation numbers in galactic halos are so high (Tremaine & Gunn 1979 ) that the dark matter behaves as a classical field obeying the wave equation. The scalar field is minimally coupled to gravity and interacts only gravitationally with baryonic matter. The system obeys the Schrödinger-Poisson (SP) equations (Moroz et al. 1998; Hu et al. 2000; Bahrami et al. 2014; Mocz & Succi 2015) .
We consider the SP equations for FDM described by the wavefunction ψ with an added black hole perturber V • :
where the self-potential V of the wavefunction obeys Poisson's equation
and the black hole perturber is a point mass potential
In our notation M • is the mass of the black hole and m is the mass of the FDM particle. The wavefunction is normalised such that the physical density is ρ = |ψ| 2 . G is the gravitational constant.
To construct spherical steady-state solutions, we make the ansatz that ψ(r, t) = e −iγt/ φ(r), where φ(r) = ρ(r). It is convenient to define a number of dimensionless variables to simplify numerical calculation:
so we can rewrite the SP system as Figure 2 . Ground state numerical solutions of the SP system in dimensionless units forα = 0 to 2.5, using boundary condition φ(r = 0) = 1. In the presence of a massive black hole, the soliton core approaches an exponential profile solution (akin to the Hydrogen atom ground state).
where we define the parameterα ≡ G M • m c , which sets the dimensionless mass of the black hole. Notice that, without the self-potential, equation 2.10 is equivalent to the Schrödinger equation for the hydrogen atom, which has ground state solution φ(r) ∝ exp(−rα) withγ = −α 2 /2. In dimensionful units, the length
is equivalent to the Bohr radius of the hydrogen atom. Therefore in the limit of a dominant black hole perturber, it is the mass of the black hole that sets the radius of the soliton core.
Following the method of Guzman & Urena-López (2004) we arrive at the the following set of ordinary differential equations, albeit with the additional black hole term on the RHS:
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Using arbitrary normalisationφ(r = 0) = 1 and V(r = 0) = 0, and using boundary conditionsφ (r = 0) = 0, V (r = 0) = 0, andφ(r = ∞) = 0, the SP system turns into an eigenvalue problem for φ(r) with a unique set of values ofγ for any unique value ofα for which the above conditions are fulfilled. Only the 0-nodeγ (henceforthγ 0 ) is stable (Lora & Magaña 2014) so we only take the lowest value ofγ for any physical model. We solve the system of ordinary differential equations using a shooting method in Mathematica. The method solves for the solution starting fromr = 0, and tries to reach the asymptotic boundary conditionφ(r = ∞) = 0. For this a value ofγ needs to be assumed (guessed), and only quantised values will satisfy the asymptotic boundary conditions. We use a standard root finding technique to find the smallestγ 0 that yields a solution that satisfies the boundary condition to yield the 0-node (ground state) solution. Figure 2 shows the dimensionless solutions we obtained for various values ofα. In the limit of large α (i.e., large black hole mass) an exponential solution of the hydrogen atom is seen to be recovered.
For each unique solution, the total mass of the soliton is
( 2.16) As with the previous variables we define a dimensionless mass:M
A useful quantity to consider is the ratio of black hole mass to soliton mass which we will denote as
throughout this paper.
The SP system has the scaling symmetry:
which can be used to transform our dimensionless numerical solution to physical units of a given soliton mass M.
The mass ratio Ξ is invariant under scaling and is the primary parameter setting the shape of the soliton. In the limit that Ξ 1, we recover the exponential solution analogous to that of the hydrogen atom with the aforementioned black hole Bohr radius (equation 2.13). In the case of no black hole (Ξ = 0), our numerical solutions confirmed the analytic fit to the density of a soliton done by Schive et al. (2014a) :
where r c is the radius of the soliton core. The mass of such a soliton is inversely proportional to its core radius, as the soliton obeys
APPLICATIONS TO HALOS WITH A CENTRAL SOLITON AND SMBH
Our primary aim in this section is to model the density profile of the soliton for a given halo mass (and as a function of the FDM particle mass), using our numerical solutions from section 2. We assume that in a cosmological context the halo and soliton core form on a free-fall time and establish a thermodynamic equilibrium which sets the soliton mass. Then, the SMBH, which grows later and may come to dominate the central mass of the halo, is a perturbing force on the centre of the system. We compare the solution both with and without the presence of a SMBH.
Soliton-halo mass relation
The soliton cores in FDM halos are known to scale with the halo mass. From cosmological dark matter-only simulations of FDM conducted in Schive et al. (2014b) it was observed that soliton mass is related to halo mass by
where a is the cosmological scale factor. We take the scaling relation at the present age of the Universe (z = 0, a = 1). The precise scaling is
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The physical meaning of the scaling relation is that the size of the soliton matches the de Broglie wavelength of the velocity dispersion σ of the halo. The relation is predicted from a thermodynamic equilibrium argument from potential theory by equating GM/R ∼ GM halo /R halo ∼ σ 2 = gravitational 'temperature' between the soliton and the halo.
Black hole-halo mass relation
Almost all galaxies (except small dwarfs) have a SMBH at their centres. Observationally, the SMBH mass is known to correlate tightly with the velocity dispersion σ of the host-galaxy bulge, the so-called 'M • -σ' relation (Sun et al. 2013; Kormendy & Ho 2013) . As a result, the SMBH mass is also correlated with global halo properties, such as the total halo mass (Ferrarese 2002; Bandara et al. 2009 ). There is of course scatter in the relation (e.g., see the MASSIVE survey results on the most massive SMBHs; Ma et al. 2014 ). But it is reasonable for us to assume a fiducial relationship between SMBH and halo mass to estimate how solitons in halos of different masses would be typically affected. 
Density profiles
Combining equations 3.2 and 3.3 allows us to predict the mass ratio of the SMBH to the soliton core, Ξ ≡ M • /M, for a given halo mass M halo . As we have stated, we assume that the soliton-halo mass relation still holds in the presence of a SMBH which we treat as a perturber to an established soliton-halo system, and that the gravitational field of the black hole will reshape the soliton density profile. We discuss alternative assumptions for the soliton mass with the additional presence of the SMBH, and their effect on our calculations, in section 3.6.
We obtain the soliton density profile for the given halo mass as follows.
In our numerical solutions we had set the arbitrary boundary conditionφ(0) = 1, and also set the black hole mass through the dimensionless parameterα. This yielded a solution with a consequently-deduced mass ratioα/M. So here we findα that yields a solution that matches the predicted mass ratio Ξ for our given halo of interest. We then convert the dimensionless density profile to dimensionful units, and use the λ-scaling symmetry relations described in section 2 to convert the soliton solution so that its total mass matches that predicted by the soliton-halo mass relation (equation 3.2). This is done by comparing the mass of the unscaled numerical solution (2.16) to equation 3.2 for the given halo mass. Then using the found λ from equation 2.25, we can scale the numerical solution. Appendix A lists some numerical values ofα,γ 0 ,M that were found in the process for various halo masses.
For illustrative purposes we calculate the FDM core profiles of halo masses ranging from 10 8 M to 10 14 M in order to visualise results for sensible range of galaxy halo masses. We consider the cases of a FDM particle mass of m = 10 −22 eV and m = 10 −21 eV. Figure 3 shows the core profiles for the various halo masses. It can be seen that the effect of black hole perturber can only be noticed for M halo ≥ 10 13 M for the smaller value m and for M halo ≥ 10 12 M for the larger value of m. That is, the SMBHs are most effective at modifying the halo cores for higher halo masses, and larger FDM particle masses. The effect is that of 'squeezing' the density profile inwards to have a decreased core radius but increased central density. When the black hole in unimportant, the core radius scales inversely with the soliton mass (equation 2.27). But when the black hole dominates, the soliton size now scales inversely with the black hole mass (equation 2.13), which can make solitons orders of magnitude more compact in certain cases.
Soliton accretion time
An important question to ask is whether the soliton can survive given the presence of a SMBH at its centre or if it would be accreted. From Hui et al. (2017) and Unruh (1976) , a non-rotating black hole of mass M • traveling at speed v through a uniform scalar field of mass m and density ρ is estimated to accrete mass at a rate
where ξ = 19.07M • /M, and ρ is estimated to be the central density of the soliton and v to be the virial velocity of the soliton.
We can define the time in which the soliton will be accreted by the black hole as
This accretion time needs to be taken into consideration as we attempt to place constraint on the FDM particle mass: if for some given m, the accretion time is less than some relevant characteristic timescale, say the age of the universe, then the soliton may have been accreted by the black hole and would not be present in the halo. For a contour plot of accretion time across a range of FDM particle masses and halo masses see Figure 4 , where we have indicated the age of the universe as the dotted black line. We have again assumed the soliton-halo mass relation (equation 3.3) and the black hole-halo mass relation (equation 3.2) to associate black hole and soliton masses for the given halo mass.
It is important to note that this accretion time is a conservative (lower limit) estimate for the life-time of the soliton as it assumes that the black hole mass M • had its present day value over the entire history of the universe. The estimated life-time of the soliton would be longer if the black hole were less massive in its past. It is known that many black holes likely grow exponentially over time on scales as fast as the Salpeter time, t Sal = 5 × 10 7 yrs, (i.e., Eddington-limited accretion) in order to build up the cosmic SMBH mass function inferred from the X-ray background (Soltan 1982) , which would mean the soliton life-times could be much longer.
Soliton condensation timescale
In a cosmological context, solitons rapidly condense 1 in newly-formed halos on the halo free-fall timescale (Schive et al. 2014a) , which is given by:
where ρ is the density of the halo.
For any halo, we can roughly estimate ρ in equation 3 normalised by the age of the universe, as a function of log 10 (M halo ) and log 10 (m). The dotted line represents the contour with a value of the age of the universe 13.7 × 10 9 yrs.
universe, which gives a condensation time t con ∼ 10 9 yrs.
It is possible that solitons accreted by SMBHs may re-condense. In massive halos, where the soliton is just a small fraction of the total halo mass, we would expect the soliton to re-condense on the free-fall timescale as long as t con < t acc , as the soliton is the natural ground state for the system. This means that for massive halos the SMBH accretion timescale (equation 3.5) is competing against the soliton condensation timescale (equation 3.6) in determining whether the soliton is present in the centre of the halo. Thus we can use a less conservative timescale than the age of the universe to predict the soliton life-time. Our estimate is still conservative because we have assumed the black hole mass was not significantly smaller in the past.
Discussion on assumption on soliton mass in the presence of a SMBH
We have assumed that the soliton mass in the halo is unchanged by the presence of the SMBH, and that the solitonhalo mass relation of equation 3.2 still holds. This is a reasonable assumption if the soliton and halo form early in the history of the Universe on a free-fall time (as seen in cosmological simulations) and later the SMBH grows to be significant and traps the soliton in its sphere of influence. We have verified this assumption with numerical simulations of idealized 3D virialized halos. We extended the simulations of Mocz et al. (2017) by growing a massive SMBH at the centre of the halo, as presented in Appendix B. The profile for the final soliton with the presence of the SMBH Figure 5 . The relationship between soliton mass and FDM particle mass for the Milky Way, both without the black hole perturber (dotted black line) and with the black hole perturber (solid gray line). The shaded blue region is the estimated range of FDM particle masses that result in the soliton being accreted, which was determined by the condensation time of the soliton. The hatched black region represents the excluded soliton masses for the Milky Way, given by our maximum mass constraint M max (r ≤ 0.01pc) ≈ 10 5 M .
(Ξ = 1) approaches the exponential black hole Bohr radius with normalization set by our assumption of unchanged mass ( Figure B1 ). Mass is conserved to within 1 per cent.
We discuss an alternative assumption where the coupled halo-soliton-SMBH system may thermodynamically reestablish the mass of the soliton once the SMBH grows to be significantly larger in mass than the soliton core. In this case, from the potential theory argument, [GM/R] soliton,noSMBH ∼ [GM/R soliton,w/SMBH ]. The limit Ξ > 1 would be affected compared to our previous assumption of constant mass
Since the soliton radius must scale inversely with M • in the limit Ξ > 1, the soliton mass must decrease by a factor of Ξ under this new set of assumptions. There may be additional constant factors of order unity involved related to the geometric pre-factors of the precise calculation of the potential energy of the soliton, which changes its concentration in the presence of a black hole. Whether this alternative scenario can be realized in a cosmological setting remains to be seen in full-physics cosmological simulations, and depends on how 'conduction' of heat in FDM operates. We discuss the impact of this alternative assumption on our constraints on the FDM particle mass in section 4.
FDM MASS CONSTRAINTS FROM THE MILKY WAY AND M87
Observations of stellar dynamics place constraints on the total enclosed mass within central regions of galaxies, including the SMBH mass as well as upper limits on the amount of dark matter within a fixed radius. Thus we can place constraints on the FDM particle mass by testing which values of m produce central soliton profiles consistent Figure 6 . The relationship between soliton mass and FDM particle mass for the galaxy M87, both without the black hole perturber (dotted black line) and with the black hole perturber (solid gray line). The shaded blue region is the estimated range of FDM particle masses that result in the soliton being accreted, which was determined by the condensation time of the soliton. The hatched black region represents the excluded soliton masses for M87, given by our maximum mass constraint M max (r ≤ 10pc) = 10 9 M with these observational results.
First, we consider the Milky Way, which is known to host a SMBH, Sgr A * , with mass M • = 4.02(±0.2) × 10 6 M obtained from precise measurements and orbital modeling of short-period stars around the black hole (Boehle et al. 2016 ). The observations also allow one to constrain the amount of dark matter contained within a radius of 0.01 pc around Sgr A * to less than 1.3×10 5 M at the 3-σ confidence level, independent of the dark matter profile shape. We considered that the Milky Way resides in a dark matter halo of mass M halo = 10 12 M (Hui et al. 2017) to predict the corresponding soliton mass. We compute the predicted enclosed dark matter mass within 0.01 pc of the SMBH as a function of FDM particle mass, and show the results in Figure 5 . At low particle masses, the core is much larger than the enclosed region and only a small fraction of the soliton mass is contained within the radius. But with increasing FDM particle mass, more dark matter mass is contained in the enclosing region, until the entire soliton fits inside it at m 10 −18.5 eV, after which the enclosed dark matter mass decreases with particle mass because the total soliton mass decreases with m. The presence of Sgr A * is seen to significantly squeeze the soliton and concentrate it within 0.01 pc of the SMBH for mass range −19 log 10 (m) −18, to the point where it would violate observational limits (black hatched region). However, we also find that such a soliton would not survive but would have been accreted by the black hole. The blue shaded region in the plot shows the particle masses over which t acc < t con , i.e., the soliton is accreted faster than it condenses out from the halo. Thus we are unable to place constraints on the FDM particle mass using the Milky Way.
Second, we consider M87, a supergiant elliptical galaxy in the Virgo cluster. Recently, the Event Horizon Telescope (EHT) created the first-ever image of a SMBH that resides at the centre of M87 (Collaboration et al. 2019) . The black hole mass was found to be 6.5 (±0.5) × 10 9 M based on the size of the black hole shadow / emission ring in the image. Previously, stellar velocity dispersion measurements in the bulge of M87 estimated that a total of 6.6 (±0.4) × 10 9 M of material is contained within 17-25 pc of the centre. The EHT image confirms that the majority of this mass is the SMBH (and not a supposed FDM soliton). This leaves little room for a soliton core to be present in the centre of the halo as well. Even less if one instead considers the total enclosed mass in the central region estimated from gas dynamical measurements: 3.5 (±0.8) × 10 9 M (Walsh et al. 2013) , which is systematically less that the stellar velocity dispersion derived result and the EHT image by a factor of 2. For a conservative measure, we take that a soliton mass of only around 10 9 M (1/6 of the black hole mass) can be contained within 10 pc of the SMBH. For M87, we suppose a halo mass of M halo = 2 × 10 14 M (Hui et al. 2017) to estimate the soliton mass. We then calculate the enclosed dark matter mass as a function of particle mass as before. Figure 6 summarises the results of our calculations. The soliton core is not expected to survive for particle masses m > 10 −21.7 eV. But the mass range −22.2 log 10 (m) −21.7 predicts a soliton core concentrated around the black hole that violates observations. Our conclusions for the FDM particle mass constraints from M87 are not significantly changed if we assume the alternate scaling of soliton mass with halo mass of section 3.6 in the limit of Ξ > 1. This is because Ξ is still close to order unity in the restricted particle mass range and the change of assumptions would reduce the enclosed mass by a factor of Ξ. We have 0.6 < Ξ < 1.8 for −22.2 log 10 (m) −21.7.
CONCLUDING REMARKS
We calculated density profiles of soliton cores in the centre of FDM halos by solving the SP equations with, and without, the addition of a black hole point mass perturber. Without perturbation there is a single, universal soliton profile. With the perturber, the profile depends on the mass ratio of the black hole to soliton: Ξ ≡ M • /M. It can be clearly seen in Figure 3 that for sufficiently large halo masses the effect of a black hole point mass perturber in the SP equations is to 'squeeze' the soliton inwards, increasing the central density and reducing the core radius. In this regime the size of the core radius scales inversely with black hole mass rather than the soliton mass. This squeezing effect of the soliton is enhanced when the FDM particle mass m is increased because the predicted soliton mass in the halo is decreased, boosting Ξ. We showed the degree to which this effect manifests is more evident at higher halo masses for a given m.
We applied our calculations to place new constraints on the FDM particle mass given observational constraints on upper limits to the amount of dark matter concentrated near the SMBHs of the Milky Way and M87. In the Milky Way, we found that for certain FDM particle masses the FDM soliton core would concentrate around the black hole so much that it would violate the observational mass constraints. However, taking into account the accretion time of the soliton by its SMBH, we actually predict the soliton would not exist in the mass range of m > 10 −19 eV, so we are not able to constrain the particle mass with given the observational constraints ( Figure 5 ). We were, however, successful in constraining m using M87 (Figure 6 ). Based on M87 alone, our conclusions are that the range −22.2 log 10 (m) −21.7 should be forbidden. This result is quite striking as it rules out a range of mass right around the original astrophysically-motivated mass of m ∼ 10 −22 eV for FDM. Our analysis, namely treating the effect on the soliton of a SMBH perturber, was crucial to obtain this constraint, as an unperturbed soliton is consistent with current observational limits. For both M87 and the Milky Way we used the condensation time of the soliton as our characteristic time scale compare against the accretion time and estimate the life-time of the soliton. However, it should be noted that our estimation of accretion time is conservative given that it assumes constant black hole mass over the entire history of the universe. With relaxed assumptions, there may actually be a higher upper limit on the forbidden masses.
Our mass constraints are generally compatible with other recent astrophysical constraints of m found in the literature (Figure 1 ), allowing for both small values m < 10 −22 eV preferred by the modeling of dwarf spheroidal galaxies and larger values m > few × 10 −22 eV supported by other considerations. However, our findings are mutually exclusive with the constraints of Broadhurst et al. (2019) , who modeled the dark matter dominated galaxy Antlia II with a FDM soliton core, placing some tension in the FDM theory.
APPENDIX A: TABLES
This appendix (Tables A1 and A2) presents the values of α,γ 0 ,M (along with corresponding halo mass) for the numerically produced solutions which are shown in Figure 3 . The dimensionless mass was calculated by numerical integration ofφ(r), illustrated by equation 2.17. Table A1 . Values ofα chosen to produce density profiles of the relevant halo masses, along with the correspondingγ 0 andM for a FDM particle mass of 10 −22 eV. Table A2 . Values ofα chosen to produce density profiles of the relevant halo masses, along with the correspondingγ 0 andM for a FDM particle mass of 10 −21 eV. Figure B1 . Simulations of a M soliton /M halo = 0.3 FDM halo with a soliton at its centre (dark green) that gains a SMBH of mass M • /M halo = 0.3 and is allowed to relax again (light green). The final radial profile approaches the hydrogen atom solution with radius set by the black hole mass 'Bohr radius', and normalization set by assuming mass conservation of the soliton.
APPENDIX B: SIMULATION OF VIRIALIZED FDM WITH SMBH
To verify our analytic theory and some of our assumptions, we have carried out a numerical simulation by placing a SMBH as a point mass into one of our simulations of an idealized virialized FDM halo from Mocz et al. (2017) (details of numerical implementation are found in cited paper. Simulation resolution is 256 3 ). The system was initially a virialized FDM halo with soliton-to-halo mass ratio of M/M halo = 0.3, with a virialization timescale of timescale T vir . We then grew a SMBH at the centre of the halo linearly over the timescale T vir . The system was allowed to relax again for another period of T vir . Figure B1 shows the radial profile of the halo before the addition of the black hole and the final relaxed solution.
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